Seven major lipid classes were isolated from leaves of chilling-sensitive and chilling-resistant plants, and the temperature-dependent phase behaviors of their aqueous dispersions were studied by a fluorescence polarization method using trans-parinaric acid and its methyl ester.
Phosphatidyiglycerols from the chilling-sensitive plants went from the liquid crystalline state into the phase separation state at about 30C in 100 mM NaCI and at about 40C in 5 mM MgCl2. In contrast, phosphatidylglycerols from the chilling-resistant plants went into the phase separation state at a much lower temperature. The other classes of lipids remained in the liquid crystalline state at all temperatures between 5°C and 40°C regardless of the chilling sensitivity of the plants, except sulfoquinovosyl diacylglycerol from sponge cucumber in which phase separation seemed to begin at about 15°C. Compositions and positional distributions of fatty acids of the lipids suggest that the phosphatidylglycerols from the chilling-sensitive plants, but no other lipids, contained large proportions of molecular species which undergo phase transition at room temperature or above. The thermotropic phase behaviors and the fatty acid compositions suggest that, among the major lipid classes from leaves of the chilling-sensitive plants, only phosphatidylglycerol can induce a phase transition. Since a major part of this lipid in leaves originates from the chloroplasts, phase transition probably occurs in the chloroplast membranes.
In the mechanism proposed by Raison (18) and Lyons (7) for the chilling sensitivity of plants, the primary event in chilling injury is the formation ofa lipid gel phase in cellular membranes at low temperatures; when the membranes go into the phase separation state (21) at low temperature, membranes become leaky to small electrolytes, diminishing ion gradients across the membranes that are essential for the maintenance of physiological activities of the cells. We have shown that this mechanism operates in the chilling injury of the blue-green alga, Anacystis nidulans, in which electrolytes leak out from the cytoplasm to the outer medium when the cytoplasmic membranes enter the phase separation state at low temperature (13) (14) (15) . However, the lipid phase transition has not been well demonstrated in higher plant membranes, and the validity of the proposed mechanism for chilling injury is still in question.
Pike and Berry ( 17) , using trans-parinaric acid as a fluorescent probe, observed that an aqueous dispersion of phospholipid ' Supported in part by a Grant-in-Aid for Developmental Scientific Research (56840037) from the Japanese Ministry of Education, Science and Culture.
preparations from plant leaves entered the phase separation state in the room temperature range. Fork et al. (4) , using the same probe, reported similar phase behavior in the phospholipid preparations from chloroplasts of chilling-sensitive plants. Raison and Wright (19) , by differential scanning calorimetry, observed a thermotropic phase transition at about 10°C in the polar lipids extracted from a chilling-sensitive plant, but not above OC in the lipids from chilling-resistant plants. These studies suggest that at least one of the phospholipids undergoes phase transition at about room temperature.
In previous papers (9, 10), we reported that PG2 from chillingsensitive plants contained a much higher proportion of 16:0/ 16:0 plus 16:0/16:1(3-trans) species than chilling-resistant plants, whereas no clear correlation was found between the chilling sensitivity and the fatty acid and molecular species compositions in other classes of phospholipids. We suggested that the two molecular species of PG should be responsible for gel formation in the chloroplast membranes triggering chilling injury of the plant cells.
In the present study, we prepared seven major lipid classes, PG, PC, PE, PI, MGDG, DGDG, and SQDG, from leaves of chilling-sensitive and chilling-resistant plants, and studied their temperature-dependent phase behavior by a fluorescence polarization method using trans-parinaric acid and its methyl ester as a fluorescent probe. The phase separation state was found at room temperature in PG, but not in the other lipid classes from chilling-sensitive plants nor in any of the lipid classes from chilling-resistant plants. MATERIALS 18 :0/16:0-PG; I-stearoyl-2-palmitoyl-sn-glycero-3-phosphorylcholine; BHT, 2,6-di-tert-butyl4-methylphenol; transparinaric acid, 9,11,13,1 5-all-trans-octadecatetraenoic acid. Preparation of Lipid Classes. Lipids were extracted from the leaves according to Bligh and Dyer (2) as described previously (10) . They were separated into three fractions by column chromatography with DEAE-Sepharose CL-6B and silicic acid (10); the first fraction contained PG, PI, and SQDG; the second, PC and PE; the third, MGDG and DGDG. Next, the lipid classes were separated by TLC on silica gel (10) using the developing solvent chloroform:acetone:methanol:acetic acid:H2O (50:20:10:15:5, by volume) for the first fraction and chloroform:methanol:H20 (70:21:3, by volume) for the second and third fractions. Silica gel regions of the lipid zones, located by primulin fluorescence, were scraped offthe TLC plate. The lipids were extracted with chloroform:methanol (2:1, v/v). After complete removal of the silica gel powder by filtration and centrifugation, the lipids were dissolved in 0.5 ml chloroform:methanol (2:1, v/v) and stored at -20C in the presence of BHT with a lipid to BHT ratio of 2000:1 (w/w). Fatty acid compositions of the lipid classes were determined as described previously (10) . Distributions of fatty acids at positions 1 and 2 of sn-glycerol of the lipids were determined by enzymic hydrolysis of the ester linkage at position 1 with Rhizopus delemar lipase as described previously (10 trans-Parinaric acid was obtained from Molecular Probe Co., and its methyl ester was prepared according to Sklar et al. (24) . trans-Parinaric acid or the methyl ester was dissolved in ethanol containing 1% BHT (w/v), to a concentration of 1.2 mm for the former or 1.8 mm for the latter. The molar absorption coefficients at 299 nm used for the concentration determination were 89,000 (22) for both fluorescent probes. The lipid dispersion was divided into two 3-ml aliquots. trans-Parinaric acid amounting to 1.4 ,g, or 1.5 gg methyl trans-parinarate, was added to one of the aliquots at a molar ratio of lipid-to-fluorescent probe of about 100:1. The mixture was stirred at 60°C for 5 s with a vortex mixer. The absorbance of this sample at the maximum of 303 nm was about 0.1. trans-Parinaric acid was used for neutral lipids such as PC, PE, MGDG, and DGDG, and its methyl ester for acidic lipids such as PG, PI, and SQDG. Figure 5. and Toshiba, V44) to remove most of the scattered excitation light. The intensities of L. and I,, were detected by a photomultiplier (Hamamatsu TV, R106). The output signal was fed either to a DC-amplifier (San-Ei Sokki Co., 6B01) to obtain an (I,. + I,,) signal after being smoothed by a resistor-capacitor combination, or directly to a lock-in amplifier (Brookdeal, 9503) to obtain a (I, -I,,) signal with a reference signal monitoring the alternation of vertical and horizontal polarizers on the rotating sector. The reference signal was produced by a couple of a luminescent diode and a photocell with a vertical polarizer. The signals, (I, + I,,) and (I, -I,,), were fed, respectively, to the Y, and Y, axes of an X -Y, Y2 recorder (Riken Denshi, D-72C). The amplification factors of the direct current and lock-in amplifiers were adjusted so that the output signals of (I, + II,) and (I, -I,,) became equal when I,, was zero; this was done using a square wave generator. The sample temperature was monitored with a thermometer (Chino Industry, DT-222D) equipped with a sensor of platinum resistor, and its signal was fed to the X-axis of the X -Y, Y recorder.
The quartz sample cuvette was furnished with a transparent water jacket through which temperature-controlled water or ethanol could be circulated to regulate the sample temperature. A thermo-regulated water bath (Neslab, RTE-9) equipped with a temperature programmer (Neslab, ETP-3) raised or lowered the temperature of the circulating liquid at the rate of 1°C min-'. The difference in temperature between the sample and the circulating liquid was less than 0.YC.
With the optical system used in this equipment, contamination ofthe fluorescence by scattered excitation light was not negligible. Figure 2 shows the temperature dependence of (I,. + I,,) and (I,. -I,,) in the presence and absence of methyl trans-parinarate in an aqueous dispersion of a synthetic lipid, 16:0/16:0-PG, in the presence of 100 mM NaCl but without MgClI. On cooling scan in the presence of the fluorescent probe, (I,. + I,,) and (I,. -II,) both increased abruptly at about 40°C and then gradually. Changes in these signals in the absence of the probe were much smaller. From these traces of (I,. + I,,) and (I,. -I,,) in the presence and absence of methyl trans-parinarate, temperature dependence of the fluorescence polarization ratio, F,./F,, in 16:0/16:0-PG was calculated according to equations I and 2 (Fig. 3) . On heating scan in the presence of 100 mM NaCl, the polarization ratio changed from 1.3 to 1.8 in a narrow temperature range centering around 40°C. According to Sklar et al. (24) , this sharp increase in the polarization ratio corresponds to the phase transition from the liquid crystalline to the gel state.
In the presence of 5 mm MgCI2, the change in the fluorescence polarization ratio occurred at about 52C on cooling scan and about 53°C on heating scan, the feature of the change in the polarization ratio being similar to that in 100 mm NaCl. This type of shift in the phase transition temperature with divalent cations is known to occur in PG (6) . These temperatures for the phase transition of the synthetic lipid measured in the present study are very close to those determined by differential scanning calorimetry (6). (23) . In these lipids, however, Mg" had no effect on the phase transition temperature, because a shift in the phase transition temperature by the divalent cations occurs only in nega- (8, 25) .
This study with synthetic lipids showed that the fluorescence polarimeter designed in our laboratory can be successfully used to examine the temperature-dependent phase behavior of lipid bilayers.
Phase Behavior of Leaf Lipids. Seven lipid classes, PG, PC, PE, PI, MGDG, DGDG, and SQDG, were separated from leaflipid extracts, and purified by column chromatography followed by TLC. Figure 4 shows the temperature dependence of(I, + Ih) and (I, -Ih) in the presence and absence ofthe fluorescent probe in the case of sweet potato PG in 100 mM NaCl. On cooling scan, (I, + Ih) and (I, -I*) both began to increase at about 30°C in the presence of the probe. On heating scan, the two signals followed the same traces as for the cooling scan. Figure 4C shows the temperature dependence of the fluorescence polarization ratio, FJ,Fh, which abruptly began to increase at 32C from a level of 1.2, and reached a level of 1.8 at 10°C. These observations suggest that the PG from sweet potato went from the liquid crystalline state into the phase separation state at 32C. In the presence of 5 mM MgCl2, on the other hand, the polarization ratio began to increase at 41°C, revealing a shift of the phase transition temperature similar to that in 16:0/16:0-PG in Figure  3 . Figure 5 shows the temperature dependences of the fluorescence polarization ratio in the aqueous dispersions of the seven lipid classes from the sweet potato leaves. Sharp increases in F,./ Fk were seen in PG in either 100 mM NaCl or 5 mM MgCl2. In the other lipid classes, the values for Fl/Fh were all lower than 1.5 in the entire temperature range between 5°C and 40C. These observations suggest that only PG is the lipid class which can undergo phase transition at about room temperature.
Similar features of the temperature-dependent phase behavior were seen in the aqueous dispersions of the seven lipid classes from leaves of the two other chilling-sensitive plants, sponge cucumber (Fig. 6), and squash (Fig. 7) . The PG from sponge cucumber entered the phase separation state at 33°C in 100 mm NaCl and 43°C in 5 mM MgC12. The PG from squash entered it at 29C in 100 mM NaCl. In SQDG from sponge cucumber, the FI/Fh value began to gradually increase at about 1 5C. However, the increase was much less sharp than in the case of the PG, and the Fl/Fh value was only 1.5 at 5°C.
In contrast to the PG from chilling-sensitive plants, the same lipids from chilling-resistant plants did not, or did only slightly, display increases in the Fl/Fh value. Figure 8 shows study (9, 10) , we suggested that lipid molecular species having two molecules of either 16:0, 18:0, or 16:1(3-trans), or their combinations, should undergo thermotropic phase transition from the liquid crystalline to the gel state in the room temperature range or above. Molecular species having even one cis unsaturation bond undergo the phase transition below room temperature (16, 20) . In order to evaluate the relative contents of the molecular species with the high phase transition temperature, the sum of the 16:0, 18:0, and 16:1(3-trans) contents in each lipid class was calculated and is presented in Table VI . This value ranged from 67% to 82% in the PG from chilling-sensitive plants, whereas it was about 54% in the PG from chilling-resistant plants. This is consistent with our previous observation (9) that the PG from chilling-sensitive plants, but not chilling-resistant plants, contains substantial amounts of the molecular species having the high phase transition temperature.
In the other six lipid classes from the chilling-sensitive and chilling-resistant plants, the sums of the 16:0 and 18:0 contents were lower than 50%. Analysis of the positional distribution of the fatty acids in PC, PE, and PI by means of Rhizopus delemar lipase showed that 16:0 and 18:0 were at position 1, and position 2 was occupied only by the cis unsaturated fatty acids. This suggests that the disaturated (fully saturated) molecular species does not exist in these lipid classes regardless of the chilling sensitivity of the plants. The positional distribution of fatty acids in SQDG was not determined. The contents of 16:0 and 18:0 in MGDG and DGDG were so low that the relative contents of the disaturated molecular species should be very low in these lipids. These results of the compositions and positional distributions of fatty acids in the several lipid classes agree with their phase behavior elucidated by the fluorescence polarization method in the present study. 18 :0/16:0 plus 18:0/16:1(3-trans) species of the PG from the leaves. The fluorescence polarization ratio at 5°C was at the maximum level (F,./Fh, = 1.8) in the PG from chilling-sensitive plants, whereas it was 1.3 to 1.5 in the PG from chilling-resistant plants. Since methyl trans-parinarate has much higher affinity to the gel than the liquid crystalline phase, the fluorescence polarization ratio reaches the maximum level when the gel phase domain exceeds 50% of the total membrane area (24) . Therefore, more than 50% of the membrane area of the PG from chilling-sensitive plants is considered to be in the gel phase at 5°C. In the PG from chilling-resistant plants, in contrast, only a very small proportion of the membrane is in the gel state at this temperature.
DISCUSSION
The positional distribution of fatty acids in PG from leaves (10) indicates that 18:0 and 16:1(3-trans) are localized at positions 1 and 2, respectively, of sn-glycerol, and 16:0 is at both positions. Mass spectroscopic analysis of the PG (9) indicated that its molecular species is either C,6/C,6 or CI8/C 6. Thus, the molecular species composed ofthe three fatty acids may be 16:0/ 16:0, 16:0/16:1(3-trans), 18 :0/16:0, or 18:0/16:1(3-trans). The sums of the relative contents of these molecular species can be calculated from the relative contents of 16:0, 18:0 plus 16:1(3-trans) in the PG, and are listed in Table VII . They are 34% to 64% in the chilling-sensitive plants, and lower than 10% in the chilling-resistant plants. The phase transition temperature of the 16:0/16:0 species was about 40°C, and that of the 18:0/16:0 species should be higher than 40C since elongation of the fatty acid chain increases the phase transition temperature (3) . Although the effect of introducing a trans unsaturation bond into the A3 position ofpalmitic acid is not known, it seems to decrease the transition temperature to a much smaller extent than cis unsaturation (9, 10) . Introduction of only one cis unsaturated bond to the lipid molecule, on the other hand, decreases the phase transition temperature to the extent of about 40C (16) . Therefore, the high temperatures for the onset ofphase transition in the PG from chilling-sensitive plants are well correlated with the high contents of the four PG molecular species of 16:0/16:0, 16:0/16:1(3-trans), 18 :0/16:0, and 18:0/16:1(3-trans).
Most (70% to 80%) of the PG from leaves originates from the chloroplast membranes (12, 26) , and this lipid, in turn, accounts for about 10% of the total lipids of the thylakoid membranes (1 
